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Abstract 
As a proof of concept a Centrifugal Particle Receiver (CentRec) prototype in laboratory scale (~10 kWth) was designed, built and 
tested in the High-Flux Solar Simulator in Cologne, Germany. Since they can be heated up to 1000°C without sintering in the 
storage, small bauxite particles produced for the oil and gas industry are used as the absorber, the heat transfer and storage media 
at the same time. A defined rotation is used to form a thin direct absorbing particle film on the inner surface of the cylindrical 
receiver. Depending on the incoming heat flux the particle residence time can be adjusted by controlling rotation speed and mass 
flow. A constant particle outlet temperature for all load conditions can be therefore ensured. First experiments were conducted 
with various power levels and mass flows at two different receiver inclinations. Particle outlet temperatures of up to 900°C were 
demonstrated and the expected simple control capability of the receiver concept was verified.  
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1. Introduction 
Direct absorption receivers (DAR) are considered to be a promising way for further cost-reduction of 
Concentrating Solar Power (CSP) systems. Their ability to achieve higher outlet temperatures, combined with lower 
receiver and system costs as well as the inherent feature of storage seem to lead to competitive levelized electricity 
costs [1, 2]. Further advantages come from the possibilities of large temperature differences in the storage and high 
power densities in the receiver due to non-existent flux limitations. Beside power generation, a broad band of other 
applications can be addressed with DAR systems, such as high temperature process heat applications in the short 
term or solar fuels in the longer term.  
One DAR concept currently investigated at the DLR is the solid particle receiver system. Its technical feasibility 
was first shown by Hruby [3] at the Sandia National Laboratories (SNL). Her investigations focused mainly on the 
development of a receiver design and the selection of proper particle materials. Based on the assessment study by 
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Falcone et al. [4], which indicated competitive costs of the solid particle receiver compared to the least expensive air 
receiver concepts for high temperature applications, the design of a free falling particle receiver was proposed. More 
work regarding flow characteristics and convective heat transfer in a falling particle curtain was studied 
experimentally and numerically [5], while Griffin et al. [6] conducted an extensive evaluation of proper materials 
with special attention on optical properties. Recently, SNL tested a prototype solid particle receiver on-sun [7], 
providing an experimental basis for the validation of numerical simulations. A computational fluid dynamic model 
of the prototype has been developed by Ho et al. [8] which considered irradiation from the concentrated solar flux, 
two-band re-radiation and emission from the cavity, discrete-phase particle transport and heat transfer, gas-phase 
convection, wall conduction as well as radiative and convective heat losses. The results showed good agreement 
with the experimental data with an average relative error of less than 10 %.  
A schematic of a particle receiver is shown in Fig. 1a. The main parts of the plant are the receiver, the heat 
exchanger, a high and low temperature storage, a transport system and the power block, which could be also 
exchanged by a thermal process or thermo-chemical cycle. Solar radiation is directly absorbed in the receiver by the 
heat transfer medium which can be either used instantly or  can be stored in the high-temperature storage. After 
passing the heat exchanger the cooled down medium is kept in the low-temperature storage for reuse.  
1.1. The Centrifugal Particle Receiver  
One of the particle receiver concepts currently investigated at the DLR is the so-called Centrifugal Particle 
Receiver (CentRec). It basically consists of a rotating cylindrical cavity which can be inclined 10 – 90° to the 
horizontal. A schematic is shown in Fig. 1b. Due to centrifugal acceleration sintered bauxite particles of about 1 mm 
diameter are forced against the wall and form a thin but optically dense layer at the whole inner receiver 
circumference. Gravitation impels the particles to slowly move downwards along the wall in axial direction while 
they are gradually heated up by direct solar radiation entering the open aperture. Due to the possibility to incline the 
receiver in a wide range an optimal inclination angle regarding convection losses and heliostat field efficiency can 
be chosen.  
In order to achieve a constant outlet temperature at all load conditions a corresponding mass flow can be set by a 
gate valve and the particle retention time can be adjusted by regulating the rotation speed. As all losses stay nearly 
the same (thermal losses absolutely, optical losses relatively to the incoming radiation) optimum part load 
efficiencies are expected under all load conditions. 
Preliminary dimensioning calculations of the receiver for a 1 MWth power plant, done with HFLCAL [9], yield 
an aperture diameter of approx. 1.2 m. 
 
 (a)  (b) 
Fig. 1. (a) Schematic of a particle receiver system with power block and storages; (b) Principle design of the Centrifugal Particle Receiver 
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2. Experimental set-up 
A prototype of CentRec in laboratory scale has been designed, built and tested. The very first experiments were 
focused on the particle behavior and its controllability. No irradiation was applied. Subsequently, high flux tests in 
the High-Flux Solar Simulator [10] at the DLR in Cologne were conducted, where special attention was paid on the 
thermal performance of the prototype. Particle outlet temperatures of up to 900°C were strived for.   
The schematic design of the test rig can be seen in Fig. 2. The experiments are run in batch mode, for that the 
feeding container is designed to contain about 300 kg of particles. An electrically driven gate valve, sitting right 
underneath the container is used to set up various mass flows. Considering different load conditions (full and part 
load) mass flows from 2 – 20 g/s are necessary. The receiver itself is rotated by a belt drive, where its rotation speed 
is directly controlled by the supply voltage of the DC motor with a maximum power of about 200 W. Out-coming 
particles are collected by the stationary mounted collecting ring leading the hot particles into the collecting 
container, where they are cooled down by an air flow through the container. Due to the original receiver design for 
an incoming average radiation flux density of 1 MW/m² and 15 kW thermal power, an aperture diameter of 137 mm 
is integrated in the collecting ring. For experiments at 90° receiver inclination with a horizontal aperture, a mirror in 
45° position is needed to reflect the incoming irradiation into the receiver. All components, the receiver and both 
containers are mounted into one frame. An integrated linear slide and two wire ropes are installed for simple 
exchange of feeding and collecting container.  
 
(a) (b) 
Fig. 2. Set-up of the CentRec prototype test rig as tested in the High-Flux Solar Simulator. (a) Schematic design; (b) Photograph 
2.1. CentRec prototype 
Assembly drawings of the receiver prototype are shown in Fig. 3. The prototype basically consists of a 170 mm 
diameter and 260 mm height inner tube that serves as the receiver and is fixed by two holding rings between the 
outer steel tube. Since temperatures of up to 1000°C are expected, the receiver is made of a high temperature nickel-
based alloy (Inconel 617). A double-walled feeding cone equipped with sixteen fins between the walls is used to 
accelerate the in-coming particles to the desired circumferential speed. A cylindrical outlet, designed to minimize 
the particle loss when entering the receiver, completes the feeding cone. Microporous insulation is used to fill the 
hollow spaces between inner and outer tube, reducing conduction heat losses. The feeding tube is enclosed by 
another steel tube, welded on top of the outer tube. A ball bearing and a pulley are mounted on this tube providing 
the radial and axial bearing of the receiver as well as its actuation. The receiver is set in rotation by a DC motor that 
is connected to the pulley via a drive belt. At the lower third of the receiver three additional hard rubber rollers, 
fixed with the stationary holding frame run on the guide ring of the receiver ensuring radial centering. For 
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temperature determination purposes, a measurement ring is installed at the receiver outlet. Its functionality is 
described in section 2.3.   
 
 (a) (b) 
Fig. 3. Assembly drawings of the CentRec prototype. (a) Overall design; (b) Inside design  
2.2. Instrumentation 
The temperature distribution along the receiver wall is measured by 3x5 plus 3x4 thermocouples, equally 
distributed in six rows on the inner wall of the insulation, right behind the inner tube. Three additional sensors are 
installed inside the feeding cone and six more are used to measure the particle outlet temperature. Overall, a total of 
36 thermocouples are connected to four thermocouple input modules, mounted on the external surface of the outer 
tube. Since the sensors are integrated in the rotating receiver system, a co-rotating wireless LAN router is used to 
send the sampled data to the measuring computer via radio. A lithium-polymer battery provides the modules and the 
router with the required power. The sampled data is recorded and processed by a LabView routine.  
Incoming radiation is measured using the FATMES system, one of the measurement systems developed in the 
solar furnace in Cologne [11]. The flux measurement system consists of an air-cooled target plate coated with a 
white and diffusely reflective coating (Al2O3). A video camera looking through a set of ND filters records the image 
of the concentrated beam as it is reflected on the target. A camera calibration factor is calculated by comparing the 
absolute flux density measured with a point measurement flux gauge at the specific point with the camera grey scale 
intensity. Due to space limitations it was not possible to install a moving target and measure the incoming heat flux 
before every single experiment. Instead, the flux distribution in the receiver aperture plane was recorded for all 
relevant lamp configurations at one receiver inclination before the actual experiments. The radiation power entering 
the receiver is calculated by integrating the flux densities over the aperture area.  
The particle mass flow is measured by placing scales right underneath the collecting container. At the beginning 
of each measurement, the container outlet is open and the out-coming particles are released into a bucket on top of 
the scales. After the particle movement has reached steady-state the weight in the bucket is recorded and transmitted 
to the measurement computer every five seconds for 15 minutes. The measured data can be then post-processed to 
calculate the particle mass flow.  
2.3. Measurement of particle temperature 
One key factor for the determination of the receiver efficiency is to precisely measure the particle outlet 
temperature. Due to space limitations it was not possible to insulate the collecting ring and container, where the 
particle temperature could have been easily measured. An alternative concept had to be developed instead in order to 
measure the temperature of the particles right at the receiver outlet. For the correct contact-based measurement of 
bulk material temperature a minimum volume of bulk material surrounding the sensor needs to be given [12]. 
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Extensive studies were undertaken [13] resulting in a measurement system, that co-rotates with the receiver and 
measures the particle temperature in defined time periods. 
The so-called Temperature Measurement Ring (TMR) basically consists of a measurement ring with six radially 
outwards pointing chambers. Thermocouples are placed in the middle of each chamber, where particles are 
enclosed. The chambers’ dimension is such that the critical particle volume is ensured for the temperature 
measurement. However, once the chambers are filled up with particles, they will cool down in a short time. In order 
to measure the particle outlet temperature over a certain time range the cooled-down particles need to be released 
and the chambers refilled with new hot particles. This is realized with the locking ring sitting right beneath the 
chambers. The TMR is closed in Fig. 4a. In this state the chambers can be filled with particles. When the chambers 
are full, the locking ring is pulled down by three pneumatic cylinders, seen in Fig. 4b. The locking ring is connected 
via three poles and a running ring to the stationary mounted pneumatic cylinders. Rollers installed on the cylinder 
axes and running on the ring serve as the connection between rotational and stationary system. After being pulled 
down, the locking ring is pushed back to its initial position by three return springs and the chambers are closed 
again. The pneumatic cylinders are automatically triggered via a control program in LabView, where the time 
between each emptying period can be predefined. For all subsequent measurements, chambers are opened every 
three minutes for one second.  
 
 (a)  (b) 
Fig. 4. Schematic of the TMR, developed in order to measure the particle temperature directly at the receiver outlet.  
(a) TMR closed; (b) TMR open 
3. Particle movement 
In first feasibility tests the basic functioning of the CentRec concept needed to be proven. The experiments were 
focused on answering two main questions: First, it is possible to generate a thin and optical dense particle layer, 
slowly moving downwards towards the aperture? Second, can the particle residence time be controlled by adjusting 
the rotation speed and the mass flow in order to ensure a thin dense layer for all load conditions? The test rig was 
therefore modified in such a way that an optical access into the receiver inside was facilitated and the particle 
movement could be qualitatively recorded by a high-speed camera. For visualization purposes white colored 
particles were added. Fig. 6a shows a typical picture taken by the high-speed camera.  
3.1.  Particle base layer 
For the development of an optical dense particle layer, on the one hand sticking to the receiver wall and on the 
other hand still slowly moving downwards due to gravitation, experiments have shown, that the wall roughness is of 
crucial importance. If it is not high enough, the particles will not stick to the wall and no dense layer can be formed. 
A wall roughness of at least the particle radius seems to be sufficient. However, since the material of the receiver 
tube is hard to machine, a 0.8 mm width damming edge has been included at the receiver outlet. Experiments have 
revealed that this edge causes an accumulation of the particles first entering the receiver. They form a steady-state 
 W. Wu et al. /  Energy Procedia  49 ( 2014 )  560 – 568 565
first base layer providing the needed wall roughness for following particles, which will move over this first layer 
with a speed set by the receiver rotation rate. A schematic of the described behavior is shown in Fig. 5b. As can be 
seen in Fig. 5a the moving layer consists indeed of a dense particle film: The white colored particles move over the 
base layer of black particles as a nearly uniform circular front.   
 
(a) (b) 
Fig. 5. (a) Particle movement inside the receiver, recorded by high-speed camera; (b) Schematic of different particle layers 
3.2. Particle flow 
One can assume that there is one rotation speed matching one mass flow, where a thin and dense particle layer is 
formed. However, the exact combination of both is hard to find. Additional effects like inaccurate concentricity, 
unbalance and vibration of the whole frame can influence the particle movement as well. In fact, initial experiments 
have shown that the particle film drained off periodically more like a flush than in a homogeneous and constant 
manner. An explanation for this behavior could be that for unfavorable rotation speeds, particles in the receiver do 
not move as fast as new particles coming out of the feeding cone. They are concentrated at the receiver inlet up to a 
critical angle G (Fig. 6 (a)). When exceeding this angle, all accumulated particles slip off and leave the receiver as a 
“flush”. This happens periodically in certain time intervals. A proof of this theory is however not finally given and 
must be left to subsequent experiments. 
 
(a) (b) 
Fig. 6. (a) Schematic of particle accumulation at the receiver inlet at unfavourable rotation speeds; (b) Different particle residence time depending 
on rotation rate 
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In order to avoid this inhomogeneous and unstable particle flow an external vibration has been implemented. A 
homogeneous and constant particle flow could be ensured and the second question could be successfully answered. 
Fig. 6b shows the particle trajectory for two different rotation speeds. z* denotes the dimensionless receiver height 
and t* the dimensionless residence time. The dimensionless rotation speed is defined as :* = (Z²r)/g relating 
centrifugal and gravitational acceleration. It is clearly revealed that the particle residence time is dependent on :* 
and can be indeed controlled by the rotation rate. The residence time increases with higher rotation speed as the 
centrifugal acceleration increases. Qualitative records from the high-speed camera show dense particle films for 
both cases, whereas the corresponding mass flow to the particle trajectory with the red circles is just half of the 
corresponding mass flow to the black squares. The controllability of the particle behavior by adjusting rotation 
speed and mass flow could be therefore clearly demonstrated.  
4. High flux experiments 
After the successful demonstration of the controllability of the particle film, the CentRec prototype was irradiated 
in the High-Flux Solar Simulator. Different operation parameters were tested to get a first impression of the thermal 
performance of the receiver. Inclination angles of 90° and 45° were applied as well as various mass flows and 
incoming heat fluxes. The measured data is also used for validation of a numerical receiver model, which will not be 
discussed in detail in this paper.   
4.1. Results and discussion 
Results of three exemplary cases are shown in Fig. 7. Their parameters are listed in Table 1. The wall 
temperature distributions on the left are calculated by interpolation of the 27 discrete thermocouples mounted behind 
the receiver wall and time-averaged over a steady state of 20 minutes. I* denotes the dimensionless circumferential 
parameter. Particle outlet temperatures measured by the thermocouples inside of the TMR chambers are shown on 
the right. Since they are periodically measured depending on the opening and closing of the chambers, the particle 
outlet temperatures are plotted as discrete points over the steady-state time range.  
Table 1. Operation parameters of exemplary cases  
 Qin [W] M [°] 
Case A 2567 90 
Case B 4953 45 
Case C 6914 45 
 
The characteristic temperature distribution of gradually heated particles is clearly revealed in all three cases. Cold 
particles entering the receiver and being heated up to a certain temperature, depending on mass flow and incoming 
irradiation. In case A however, the particle film distribution seems not to be entirely homogeneous over the 
circumference, which is directly mirrored in the temperature distribution. At I* | 0.85 a cold particle streak can be 
seen, where apparently faster moving particles are not heated as much as the rest. This behavior is extended into the 
receiver outlet, where a temperature difference of particles from 350°C minimum to 420°C maximum is measured. 
Increasing the incoming heat flux and decreasing the mass flow result in higher particle outlet temperatures. In case 
B and C higher overall temperatures are reached that positively influences the temperature distribution. Since 
radiation effects increase with increasing temperature inhomogeneous particle distribution is balanced out in means 
of temperature. Just at I* | 0.38 a small temperature peak is still to observe.  
One of the main goals of these high-flux experiments was to achieve particle outlet temperatures of 900°C which 
was successfully demonstrated in case C. Looking at the particle outlet temperatures measured by chamber 2 of the 
TMR, temperatures of over 900°C are apparent. However, due to inconsistencies in the measurement of the particle 
mass flow a first statement of the thermal receiver efficiency could not be made at this point.  
 
 







Fig. 7. Wall temperature distribution (a) and particle outlet temperature (b) for various test cases. 
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5. Conclusion 
The Centrifugal Particle Receiver concept is considered to be a promising way for cost reduction in solar power 
tower applications. As a Proof-of-Concept a first prototype in laboratory scale (~10 kWth) was designed, built and 
tested. Initial experiments were devoted to the question of the simple receiver controllability. Qualitative high-speed 
camera records were used in order to investigate and answer this question. After a first base layer of stationary 
particles is built up providing the required wall roughness, a second layer of moving particles forms a dense film and 
runs slowly towards the receiver outlet. Due to the sensitivity of the particle film to external influences, like 
inaccurate concentricity, unbalance and vibration of the test rig, a homogeneous and constant particle flow is hard to 
realize. Therefore, an additional vibration has been implemented. With this defined vibration and the matching 
combination of mass flow and rotation speed, it could be demonstrated that the particle residence time can be indeed 
simply controlled and adjusted while still ensuring an optical dense and thin layer.   
High flux tests in the High-Flux Solar Simulator at the DLR in Cologne were conducted investigating the overall 
thermal performance of the proposed receiver concept. Thermocouples are distributed along the receiver wall in 
order to observe its thermal behavior. The particle outlet temperature is determined using a specially developed 
measurement system that is integrated in the rotating part. An extensive number of experiments were conducted 
varying the incoming heat flux, the particle mass flow and the receiver inclination. Results of exemplary tests are 
shown and a particle outlet temperature of over 900°C could be clearly revealed. Due to inconsistencies in the 
measurement of the particle mass flow however, a first statement of the thermal receiver efficiency cannot be made 
at this point.  
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